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The structure of malathion, S-[1,2-di(ethoxycarbonyl)ethyl] 00-dimethyl phosphorodithioate, has suggested to many investigators (e.g. Murphy & Dubois, 1957; Seume & O'Brien, 1960 ) that hydrolases may be involved in the synergism observed by Frawley, Fuyat, Hagan, Blake & Fitzhugh (1957) between malathion and O-ethyl O-p-nitrophenyl phenyl phosphorothioate. On the basis of their known substrate specificities, ali-esterases (carboxylic ester hydrolase, EC 3.1.1.1), cholinesterases and lipases might be expected to contribute to the enzymic hydrolysis of the ethyl esters of malathion. By the same criteria (Main, 1960) , serum Aesterases were not considered as likely possibilities. The A-esterases of other tissues were not investigated.
Ali-esterases (Myers & Mendel, 1953) , also known as 'non-specific esterases' and 'liver esterases', are B-type esterases as defined by Aldridge (1953) . The terms 'non-specific esterases' and 'liver esterases' are misleading, since ali-esterases exhibit a definite if broad specificity pattern and occur in many tissues besides the liver. They are probably identical with the B-esterases of the liver and serum and, as will be shown, hydrolyse both aromatic and aliphatic uncharged carboxylic esters. Unlike cholinesterases, they readily hydrolyse simple aliphatic esters such as ethyl butyrate and do not hydrolyse acetylcholine and similar substrates.
Serum and liver cholinesterases, like ali-esterases, readily hydrolyse glycerol triesters, such as tributyrin (Strelitz, 1944) , and aromatic esters such as phenyl butyrate and o-nitrophenyl butyrate (Main, Miles & Braid, 1961) . Lipases appear to work best on emulsified substrates (Aldridge, 1954) , whereas ali-esterases hydrolyse substrates in the aqueous phase. Both readily hydrolyse simple aliphatic esters. Cook, Blake & Yip (1958) and Yip & Cook (1959) have observed enzymic hydrolysis of the ethyl esters of malathion by rat-liver homogenates and by extracts of rat-liver acetone-dried powders. However, the authors used crude preparations and did not establish the number and identity of the esterases contributing to their 'nslathionase' activity, nor did they place the hydrolysis on a quantitative basis. Yip & Cook (1959) and, later, Murphy, Anderson & Dubois (1959) 'malathionase'. In the present work the contribution of aliesterases, cholinesterases and lipases to the hydrolysis of malathion was investigated. Since considerable overlapping of substrate-specificity patterns occurs between these classes of esterases it seemed desirable to examine the action of each esterase on malathion with preparations essentially free from other esterases. Differentiation in crude tissue preparations was then placed on a more secure basis. For this purpose horse serum cholinesterase and liver ali-esterase from rat and human were partially purified. In addition, a commercial preparation of pancreatic lipase was tested. each weighing 200-300 g. The blood and livers were taken immediately after stunning the rats. Fibrin was removed by stirring the blood with a glass rod. The blood was then centrifuged and the serum was removed by siphon. The erythrocytes, if required, were washed three times with an iso-osmotic NaCl solution and were then dialysed against weakly buffered water at pH 7. The livers were cooled immediately after removal and were then homogenized with an equal volume of water in a blender. Both serum and liver homogenates were stored under toluene in the cold.
Human livers. Two human livers, one from a girl aged 17 years and the other from a woman aged 70 years, were obtained within 2 hr. of accidental death. The livers were stored frozen and when required were homogenized in the same manner as described above.
Oral dosing. Tri-o-tolyl phosphate was given undiluted to either unstarved rats or starved rats, depending on the interval between the tri-o-tolyl phosphate and malathion doses. When the interval was 1 hr., the rats had been starved for about 24 hr. when they received the former. When the interval was 24 hr., the tri-o-tolyl phosphate was given to fed rats which were then starved before receiving the malathion.
Secondary standard malathion was given undiluted or diluted in propylene glycol (25 mg./ml.) to rats that had previously been starved for about 24 hr. Technical malathion was diluted in corn oil and given in two concentrations: 500 and 50 mg./ml. Preliminary experiments indicated no significant difference between the use of corn oil and propylene glycol as diluent under the conditions of these experiments.
METHODS
Colorimetric measurement of ali-esterase. Routine determinations of rat serum and liver aotivities were made with o-nitrophenyl butyrate (Main et al. 1961 ) as substrate at 250 and at pH 6-3. The cholinesterase activities of rat serum and liver, although significant at higher pH values, at pH 6-3 were negligible. The ali-esterase activity at pH 6-3 was, however, near its maximum, making the method sensitive and specific for ali-esterase. Usually 0-02 ml. of serum or 1 mg. of liver, suitably homogenized and diluted, was required for each determination. The o-nitrophenol was measured at 371 m,u.
Measurement of activities. Cholinesterase and aliesterase activities were also determined with a radiometer pH-stat. The acid liberated by ester hydrolysis was titrated at a pre-set, constantly maintained pH with standard NaOH.
In most determinations 20 mm-NaOH, delivered from a 0-5 ml. syringe, was used, making a total available titre of 10 pmoles. When substrate concentrations were below 0-1 mm, 2 mM-NaOH was used as titrating agent. At these concentrations absorption of atmospheric CO2 interfered with the titration. To overcome this difficulty mechanical stirring was replaced by a stream of N. bubbled through the reaction medium. The volume of standardized NaOH required was automatically plotted against time on a Titrigraph recorder. The elope over the initial 5 min. was taken as the reaction rate. With esters of limited solubility, stock solutions in methanol ranging from 0-5 to 2u were prepared. Appropriate volumes of these (1 ml. or less) were then blown into the required aqueous media and made to a final volume of 100 ml. Suitable controls with the inhibitors, di-isopropyl phosphorofluoridate or eserine, were run with every enzymic determination to correct the total hydrolysis rate and obtain the hydrolysis rate for the particular esterase being studied. It (Layne, 1957) . Otherwise, the micro-Kjeldahl method of Chibnall, Rees & Williams (1943) 
RESULTS
Ali-esterases. Rat-liver preparations purified 33-and 55-fold with respect to initial protein were employed to determine the action of ali-esterase on malathion. These preparations were intermediate products from the purification method. The following description is included to characterize the partially purified ali-esterase products employed.
Cholinesterases were not present as judged by the absence of activity towards acetylcholine and of inhibition by eserine with o-nitrophenyl butyrate (Main et al. 1961) . A-type esterases were judged to be absent since di-isopropyl phosphorofluoridate inhibited all the activity towards p-nitrophenyl acetate, which is readily hydrolysed by A-type esterases in the presence of the phosphorofluoridate (Aldridge, 1953) . The phosphorofluoridate inhibited all the activity toward o-nitrophenyl butyrate, p-nitrophenyl acetate, ethyl acetate, propionate, butyrate and valerate, as well as a number of other esters, which suggested that ali-esterase was responsible for these activities. Summation experiments with mixed substrates and partial inactivationbyheat also suggestedthe presence in the preparation of only one esterase hydrolysing onitrophenyl butyrate and ethyl butyrate. It was concluded that these preparations were free from esterases other than ali-esterase.
Human ali-esterase was partially purified by the same method, but the purification was not as great (about sixfold). However, this preparation also appeared to be free from other esterases by the criteria used for the rat-liver ali-esterase.
The substrate-specificity pattern of the esterase in the rat-and human-liver preparations is shown in Table 1 . The pattern of activities with respect to Table 1 . C!ompari8on of the 8ub8trate-8pecificity pattern8 of partially puri;ed rat-and hunman-liver ali-e8tera8e8 and of rat serum ali-estera8e
Activities were related to ethyl butyrate (100 for each preparation the simple aliphatic esters was similar. However, the similarity was less close when aromatic esters were considered. The comparable specificity pattem for rat serum ali-esterase is also given in Table 1 . Activities were measured in the presence of 10 ,uM-eserine to eliminate possible cholinesterase activity.
Both partially purified liver ali-esterase preparations and rat serum ali-esterase hydrolysed malathion, as shown in Table 1 . Serum aliesterase exhibited a much higher ratio of malathion to ethyl butyrate activity than did the liver aliesterases, emphasizing further that serum and liver ali-esterases differ significantly. Subsequently one of us (P.E.B.) has shown that rat serum aliesterase is quickly and irreversibly destroyed by butan-1-ol under conditions that leave liver aliesterase relatively unaffected. It may therefore be concluded that purified liver ali-esterase is essentially free from the small amount of serum aliesterase that would normally be expected to contaminate it, since high concentrations of butan-l-ol are used in the purification procedure.
The kinetic properties of the hydrolysis of malathion by ali-esterases were investigated. The aliesterase activities of the purified liver preparations, Table 2 ). The Km values of rat-liver homogenate and serum and of humanliver homogenate were similar and low, suggesting a close affinity between malathion and the aliesterases. The activity of human liver was comparable with that of rat liver, but human blood was devoid of enzymic activity toward malathion.
The products from the ali-esterase hydrolysis of malathion did not inhibit ali-esterases or serum cholinesterases.
The effect of pH on the activity was determined. The activity reached a plateau at about pH 6-9, which extended to pH 9, when it appeared to decrease slightly. The optimum activity range covered the physiological pH range.
Extent of hydroly8ie of malathion by ali-e8tera8es. Table 3 gives the result of an experiment that was performed to determine whether one or both of the ethyl esters of malathion are acted on by aliesterase. Purified (55-fold) rat-liver ali-esterase was employed. Since 5-0 anoles of malathion were added, complete hydrolysis of both ethyl esters would require the addition of 10 ,Lmoles of NaOH.
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The reaction had practically stopped when 4 95 ,umoles of alkali had been added (Table 3 ). The addition of fresh enzyme did not result in further hydrolysis. It was concluded that ali-esterase hydrolysed only one ethyl ester from malathion. Similar experiments with rat serum and humanliver-ali-esterase preparations gave the same results. These results are in agreement with the observation of that 'malathionase' yields a monoacidic malathion acid. It is not certain which of the two acids possible is produced or whether both are produced.
aholinesterases. Strelitz (1944) stage 2 purified (42-fold) horse-serum-cholinesterase preparation was tested against malathion and a number of other substrates. The results are given in Table 4 . Ethyl butyrate and tributyrin are included to give some indication of the point at which the substrate specificities of ali-esterases and cholinesterases cease to overlap. They both hydrolyse one type of aliphatic ester (the glycerol esters), but only aliesterases hydrolyse simple aliphatic esters of the ethyl butyrate type at significant rates. This distinction may help in understanding the further observation that the cholinesterases did not hydrolyse malathion at a significant rate (less than 1/500 the rate of acetylcholine hydrolysis).
Preincubation of malathion (0.5 mm) with cholinesterases and mixed (malathion and acetylcholine) substrates gave essentially the same activity as with acetylcholine alone, suggesting that cholinesterases have no affinity for malathion and would not significantly modify its toxicity.
Pancreatic lipa8se8. An acetone-dried powder of pig pancreatic lipase was investigated for malathion activity. An aqueous 5 % (w/v) suspension in 0-1M-NaCl was prepared and the pH adjusted to 7-6. The activity of this material towards a 100 m -tributyrin emulsion was 820 umoles/g. of dry powder/min. at 370, pH 7 6 as measured on the pH-stat. A 1 mn-malathion suspension was hydrolysed slowly (0.71 pmole/g. of dry powder/ min.), but the activity toward an aqueous 0-5 mM solution was negligible. Under physiological conditions it therefore appeared unlikely that lipases would significantly modify malathion toxicity.
Effect of a practical grade of tri-o-tolyl phosphate on various esterases in rat serum and liver. Myers & Mendel (1953) have shown that tri-o-tolyl phosphate is a powerful inhibitor of rat-liver aliesterase in vivo. A practical grade of tri-o-tolyl phosphate (0.5 g./kg.) was therefore given orally to rats and the results are shown in Fig. 1 . The serum cholinesterase and brain and erythrocyte acetylcholinesterases were not inhibited as rapidly or as completely as the ali-esterases. The serum aliesterases were reduced to nil in 60 min. and the liver esterases to 12 % of the initial activity. The liver ali-esterase was reduced further after 24 hr. to 1-5 % of the initial activity. Table 3 . Extent of the hydrolysis of the ethyl ester groups of malathion by purified rat-liver ali-esterase
To 5-00pmoles of malathion in 10 ml. of water was added 0-133 ml. of 55-fold-purified rat-liver ali-esterase. The rate and extent of hydrolysis was measured with the pH-stat at pH 7-6 and at 37°. Table 4 . Serum-cholinesterase hydrolysis of malathion and other substrates Activities were measured by pH-stat at pE 7-6 (250) with 0-2 ml. of human serum or 0-1 ml. of 42-fold-purified horse-serum-cholinesterase preparation (Strelitz, 1944, stage 2). Eserine (0-02 mm) controls accompanied every determination. Substrate concentrations (mM) are given in parentheses. Inhibition of serum ali-esterase in vivo by malathion. Serum-ali-esterase activities were determined before administration of a single oral dose of malathion and at intervals after dosing. The results are given in Table 5 . The initial ali-esterase activity of one rat was unusually low and this rat died within minutes of dosing (our SpragueDawley colony was destroyed by an epi-zootic that began just as this experiment was performed; the unusually low ali-esterase activity noted may be due to this). In any case, it is evident that malathion inhibits ali-esterase in vivo. The activity dropped rapidly in the first hour after dosing and then tended to level off. The degree of inhibition appears to be a function of the initial activity as well as of the dosing level.
Toxicological 8ignificance of the inhibition of cholinesterases after dosing with tri-o-tolyl phosphate. Cholinesterases were significantly inhibited after dosing with tri-o-tolyl phosphate (Fig. 1) . It was therefore of interest to determine whether the compound contributed significantly to the inhibition of acetylcholinesterase leading to death. This possibility was tested with parathion and paraoxon, whose toxicities are not significantly modified by ali-esterase.
If the toxicity of parathion or paraoxon was significantly increased by pre-dosing with tri-o-tolyl phosphate, it could be assumed that the last-named was responsible for the increase, and that it would also increase the apparent malathion toxicity.
Pre-dosing starved male rats with 0-5 g. of tri-otolyl phosphate/kg., followed in 24 hr. by parathion and paraoxon, did not significantly decrease the LD50 of either compound (Table 6 ). Indeed the tri-o-tolyl phosphate increased the parathion LD50 by a factor of 2, which suggested that it inhibited the rate of conversion of parathion into paraoxon. This explanation seems probable, since pre-dosing with tri-o-tolyl phosphate had no significant effect on the paraoxon toxicity. It was concluded that the inhibition of cholinesterases by tri-o-tolyl phosphate was of no toxicological significance. Effect on toxicity of malathion of inhibition of aliesterace with tri-o-tolyl phosphate. The acute oral LD50 of malathion was determined with control rats and with rats that previously had been given an oral dose of a practical grade of tri-o-tolyl phosphate (0.5 g./kg.) to inhibit the ali-esterase activity (Fig. 1) .
The results of dosing with secondary standard malathion are given in * Remaining rats died overnight between 12 and 24 hr. after dosing, except for one rat that died 25 hr. after dosing.
t One rat died overnight.
The acute oral LD50 of secondary standard malathion was 3-7 times as high as that of technical malathion, whichsuggested that technicalmalathion might contain esterase-inhibiting impurities from which the standardgrades of malathion were known to be free. This possibility was investigated by incubation of various concentrations of technical malathion with rat serum for 60 min. at 37°. After incubation ali-esterase was determined colorimetrically, cholinesterase manometrically. Technical malathion inhibited both esterases. The plot of inhibition pl gave pIr0 2-96 for ali-esterase and pI50 2-25 for cholinesterase. These results suggested that the impurities in technical malathion inhibited ali-esterase more readily (by a factor of 5) than cholinesterase.
DISCUSSION
Of the esterases examined, only the ali-esterase hydrolysed malathion at significant rates. The products of hydrolysis did not inhibit ali-esterase and cholinesterase and it seems improbable that they would be converted, in vivo, into inhibiting compounds. This hydrolysis, in vivo, would therefore be a detoxicating one, destroying malathion before it is converted into malaoxon.
The effect of this detoxicating activity on the acute toxicity of malathion was examined in vivo after treatment with tri-o-tolyl phosphate, which inhibited serum-and liver-ali-esterase activity, as shown in Fig. 1 . The acute toxicity of malathion, expressed as the oral LD60, is compared in Table 8 with the inhibition of ali-esterase activity and with the ali-esterase activity expressed in terms of the enzymic half-life (t005) (see below), at comparable intervals after administration of tri-o-tolyl phosphate. The close correspondence between the activity and the LDr0 suggested that ali-esterase was a dominant factor influencing malathion toxicity in rate.
This conclusion is supported by calculating the approximate time necessary for the rat aliesterases to hydrolyse a normal LD50 dose of malathion at saturation concentration and then to reduce it to a sublethal concentration.
When the malathion concentration is 0-5mM (saturation), the serum ali-esterase activity alone will hydrolyse an oral LD50 dose in about 17 min.
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The time necessary to reduce the malathion concentration from 0-5 to 0-001 mm (assuming 0-001 mm to be sublethal) was calculated by substituting typical Km and V values into the integrated Michaelis equation (Dixon & Webb, 1958) typically does so in several hours. It is evident therefore that the initial ali-esterase activity is more than sufficient to hydrolyse an LD60 dose of malathion and reduce the concentration to sublethal levels under toxicological conditions. This calculation therefore supports the conclusion suggested by the results in vivo that ali-esterases are a dominant factor determining the acute toxicity of malathion. Inhibition of ali-esterase after administration of malathion was rapid within the first hour and then tended to level off (Table 5) . This more immediate inhibition may explain to some extent why the malathion LD.0 is lower than the initial ali-esterase activity would suggest.
The enzymic half-life is given by the expression (t.5)6 = 0-695 (Km/V), where (t0.5), is the time necessary to reduce a given substrate concentration at constant enzyme concentration to half its initial value. It is independent of the substrate concentration and may be derived as a special case of the integrated Michaelis equation.
(V/Km) is not a true first-order rate constant since it has the dimensions min.-' [enzyme]-1. Consequently the enzymic half-life is dependent on the enzyme concentration and is not a real but a limiting value, which is approached only as (KmI8) approaches infinity.
Expression of activity as (t0.5), was considered to be more useful than expression in the more usual form because, for toxicological purposes, it is desirable to include a measure of the affinity of the enzyme for its substrate (Kin) as well as the rate of reaction (V), since substrate concentrations in vivo are typically both very low and variable.
The LD., in the complete absence of ali-esterase is difficult to assess precisely. When the serum-allesterase activity had been reduced to nil with trio-tolyl phosphate, and the liver activity, expressed as (to.5)e, was about 250 min., the LDr0 was 20 mg./ kg. with secondary standard malathion. With technical malathion under the same conditions it was 7-5 mg./kg. Technical malathion contained impurities that preferentially inhibited ali-esterase. If the impurities in the LD50 dose of 7-5 mg./kg. inhibited the residual ali-esterase activity under these conditions, then the LD50 of malathion in the absence of ali-esterase, but after a dose of tri-o-tolyl phosphate, is about 7-5 mg./kg. Tri-o-tolyl phosphate increased the LD60 of parathion by a factor of 2. If the compound had the same effect on malathion conversion, then the true malathion LD50 in the complete absence of ali-esterase would be about 4 mg./kg. The sublethal concentration of malathion previously mentioned was based in part on this LD50 calculation. Seume & O'Brien (1960) have shown that malathion is metabolized by rat tissues to yield, predominantly, malathion mono-and di-acid, which suggested the action of a carboxyl esterase. EPN inhibited this hydrolysis, as well as inhibiting the oxidation of malathion to malaoxon. Frawley et al. (1957) observed that EPN potentiated the toxicity 
15 (S and L) oot Vol. 84of malathion. The EPN-induced inhibition of carboxyl ester hydrolysis of malathion together with its potentiation of malathion toxicity is in agreement with the conclusion suggested in the present work: that ali-esterase hydrolysis in vivo is a dominant factor influencing malathion toxicity. Murphy & Dubois (1957) have shown that EPN inhibited detoxication of malaoxon by rat tissues. The detoxicating enzyme was more sensitive to inhibition by EPN in vivo than were the cholinesterases. Malaoxonases capable of hydrolysing the phosphorus ester bond would in all probability not be inhibited by organophosphorus compounds such as EPN. These results therefore suggest that ali-esterases are capable of hydrolysing the carboxyl esters of malaoxon as well as of malathion. However, as Table 5 shows, malathion, in vivo, as malaoxon, inhibits ali-esterase. This evidence suggests tentatively therefore that malaoxon is hydrolysed by and inhibits ali-esterase. If this is the case, ali-esterase has a double detoxicating action, acting on bothmalathion and malaoxon. The present kinetic evidence would suggest that hydrolysis of malathion is the predominant detoxicating reaction of ali-esterase, but the hydrolysis of malaoxon may be of considerable significance.
The production of malathion dicarboxylic acids, although not attributable to ali-esterase, which hydrolyses malathion only to the mono-acid, may be regarded as a further step in malathion degradation. But this further degradation is not necessarily a detoxicating step since the mono-acid derivative is already non-toxic.
In the present work, it was observed that tri-otolyl phosphate decreased the toxicity of parathion. Tri-o-tolyl phosphate had no effect on paraoxon toxicity, which suggested that it inhibited oxidation of parathion to paraoxon. The inhibition of malathion conversion into malaoxon by EPN reported by Seurme & O'Brien (1960) may well influence the toxicity of malathion in the same way that tri-o-tolyl phosphate influenced parathion toxicity. Tri-o-tolyl phosphate and EPN may therefore influence malathion toxicity in two oppositely acting ways. The first is to inhibit ali-esterase and thereby increase the toxicity. The second is to inhibit oxidation to malaoxon and thereby decrease the toxicity.
EPN, unlike tri-o-tolyl phosphate, has a powerful 'anticholinesterase' toxicity of its own. The oral LD50 of EPN for rats is 36 mg./kg. (Gaines, 1960) . The final toxicity of combinations of EPN and malathion would therefore be partly due to the toxicity of EPN itself, in addition to the two factors mentioned above.
The hydrolysis of malathion by ali-esterases explains the vast difference between the toxicity of compounds such as parathion and malathion. The susceptibility of ali-esterases to inhibition by organophosphorus compounds explains in large part the synergisms observedbetweenmalathionand tri-o-tolyl phosphate, EPN and similar compounds.
It is difficult at this time to predict precisely the toxicity of malathion toward human beings on the basis of the detoxicating effect of ali-esterases in the rat. The complete absence of ali-esterase activity in human serum means that at least one important barrier to malathion poisoning present in rats is absent in humans.
SUMBA:RY 1. Partially purified rat-and human-liver aliesterases free from other esterases hydrolysed malathion, yielding 1 equivalent of acid for every mole of malathion present.
2. The activity in human-and rat-liver homogenates and in rat serum attributable to aliesterases hydrolysed malathion at rates and under conditions which suggested that the ali-esterases would significantly modify malathion toxicity. Human blood contained no enzyme capable of hydrolysing malathion.
3. The malathion Km and V. values were determined for the various ali-esterases.
4. The serum-and liver-ali-esterases activities of rats were lowered to almost negligible levels by an orally administered dose of tri-o-tolyl phosphate. The cholinesterases were not inhibited to the same degree and for toxicological purposes did not appear to be inhibited to a significant degree.
5. The LD50 of malathion was lowered by factors of the order of 100 by the previous administration of tri-o-tolyl phosphate.
6. It was concluded that ali-esterases were a dominant factor governing the toxicity of malathion and that their inhibition was largely responsible for the synergisms observed between malathion and other organophosphorus compounds.
7. Serum cholinesterases did not hydrolyse malathion at a significant rate, nor did pancreatic lipase.
